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Abstract 

Background: Loss of the tumor suppressor phosphatase and tensin homolog (PTEN) is frequently observed in 
hematopoietic malignancies. Although PTEN has been implicated in maintaining the quiescence of hematopoietic 
stem cells (HSCs), its role in hematopoiesis during ontogeny remains largely unexplored. 

Methods: The expression of hematopoietic marker genes was analyzed via whole mount in situ hybridization assay 
in plena and ptenb double mutant zebrafish. The embryonic myelopoiesis was characterized by living imaging and 
whole mount in situ immunofluorescence with confocal microscopy, as well as cell-specific chemical staining for 
neutrophils and macrophages. Analyses of the involved signaling pathway were carried out by inhibitor treatment 
and mRNA injection. 

Results: Pfen-deficient zebrafish embryos exhibited a strikingly increased number of myeloid cells, which were 
further characterized as being immune deficient. In accordance with this finding, the inhibition of phosphoinositide 
3-kinase (PI3K) or the mechanistic target of rapamycin (mTOR) corrected the expansive myelopoiesis in the pfen-deficient 
embryos. Further mechanistic studies revealed that the expression of cebpa, a critical transcription factor in 
myeloid precursor cells, was downregulated in the pten-deficient myeloid cells, whereas the injection of cebpa 
mRNA markedly ameliorated the dysmyelopoiesis induced by the loss of pten. 

Conclusions: Our data provide in vivo evidence that definitive myelopoiesis in zebrafish is critically regulated by 
pten via the elevation of cebpa expression. 
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Background 

Phosphatase and tensin homolog deleted on chromosome 
10 (PTEN) is a well-characterized tumor suppressor gene, 
and PTEN deficiency is frequently observed in various types 
of cancers, including brain cancer, breast cancer, prostate 
cancer, endometrial carcinoma, melanoma, and leukemia. 
Indeed, PTEN is one of the most commonly mutated 
genes in human cancers [1-3], and germline mutations 
in PTEN are considered to be responsible for Cowden 
syndrome, Bannayan-Zonana syndrome, and Lhermitte- 
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Duclose disease [4], In addition, PTEN has been shown 
to regulate a series of fundamental cell behaviors, in- 
cluding cell growth, proliferation, survival, and migra- 
tion, mainly by suppressing the activity of the PI3K/ 
AKT pathway [5]. 

Conditional ablation of Pten in the hematopoietic stem 
cells (HSCs) of adult mice leads to rapid HSC depletion 
and the formation of leukemia-initiating cells (LICs) [6,7]. 
A recent study further showed that the mechanistic target 
of rapamycin (mTOR) activation upon Pten deletion is crit- 
ical during rapid HSC depletion [8]. Moreover, mTOR 
complex 1 (mTORCl) is also required to sustain normal 
hematopoiesis [9,10]. 

CCAAT enhancer-binding protein-a (C/EBPa) is another 
tumor suppressor that can inhibit cell proliferation [11,12], 
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and mutations in CEBPA are widely reported in acute mye- 
loid leukemia (AML) patients [13-16]. C/ebpa-deficient 
mice show a phenotype similar to AML in which the tran- 
sition from the common myeloid progenitor to the gran- 
ulocyte/monocyte progenitor is blocked [17,18]. In fact, 
C/EBPa plays a vital role in myeloid differentiation by 
directly enhancing the transcription of many myeloid- 
specific genes [19-22]. Our previous in vitro study showed 
some relation between PTEN and CEBPA in HL-60 cell 
line (derived from a patient with acute promyelocytic 
leukemia) [23], but their interactive mechanism under- 
lying the early hematopoiesis in vivo still remains elusive. 

Over the past two decades, the zebrafish has emerged as 
an ideal system for studying hematopoiesis owing to its 
unique advantages, including optical clarity and a high fe- 
cundity [24,25]. Similar to mammals, hematopoiesis in zeb- 
rafish consists of two successive waves: primitive and 
definitive hematopoiesis. Primitive hematopoiesis predom- 
inantly produces primitive erythrocytes and macrophages, 
whereas definitive hematopoiesis gives rise to all mature 
hematopoietic lineages. In zebrafish, the latter process is 
initiated in the ventral wall of the dorsal aorta, which 
is counterpart of the aorta-gonad-mesonephros (AGM) 
region in mammals. The hematopoietic stem/progenitor 
cells (HSPCs) derived from the AGM migrate to caudal 
hematopoietic tissue (CHT), which is similar to the fetal 
liver in mammals. Lastly, HSPCs colonize the kidney mar- 
row, which is the equivalent of bone marrow in mammals, 
and the thymus to sustain long-term hematopoiesis 
throughout adulthood [25-27]. 

Two pten genes, ptena and ptenb, have been previ- 
ously identified in zebrafish [28]. Although ptena and 
ptenb single mutants are able to survive to sexual matur- 
ity because of the overlapping functions of these genes 
[29]. Ptena and ptenb double mutants die approximately 
5 days post fertilization (dpf) and exhibit significant 
hyperplastic-dysplastic phenotypes (enlarged head and 
heart edema, et al) [29]. Accordingly, homozygous dele- 
tion of Pten in mice is embryonic lethal [30]. Although 
several elegant reports have established the pivotal role 
of PTEN in preventing leukemogenesis [6,7,10], in vivo 
evidence for PTEN regulation of hematopoiesis in early 
development is lacking, and the detailed mechanism 
underlying this process is still largely unknown. 

In this study, we investigated the physiological role of 
pten signaling in hematopoiesis by utilizing pten mutant 
zebrafish. We tried to explore the influence of complete 
loss of pten on primitive hematopoiesis, the developmental 
process and the innate immune response of myeloid cells 
in definitive hematopoiesis, and the regulational effects of 
the PI3K/mTOR pathway involved. Furthermore, we re- 
vealed the intriguing function of overexpression of C/ebpa 
in the hematopoietic defect of pten mutant embryos by act- 
ing downstream of the PI3K pathway. 



Results 

Loss of pten induces abnormal hematopoiesis in 
zebrafish larvae 

To evaluate the role of pten in hematopoiesis, we exam- 
ined the expression of critical hematopoietic genes in 
pten-deficient zebrafish by using whole-mount in situ 
hybridization analysis. 

We first examined hematopoiesis in ptena and ptenb 
single-mutant embryos and found no obvious alteration in 
hematopoiesis (data not shown). We then examined 
the hematopoietic phenotypes in ptena and ptenb 
double-mutant {ptena- 1 -ptenb- 1 - f hereafter referred 
to as pten-/-) embryos, which were derived from an 
incross of ptena+/ -ptenb-/- (hereafter referred to as 
pten+l-) zebrafish. Both primitive hematopoiesis at 
22 hours post- fertilization (hpf) (Additional file 1: 
Figure S1A-H) and definitive hematopoiesis at 36 hpf 
and 48 hpf (Additional file 1: Figure S1I-P) were nor- 
mal in the pten- 1- embryos. 

However, in comparison to the control embryos, the 
pten- 1- embryos at 90 hpf showed an obvious increase 
in the number of cmj^-expressing and sc/-expressing 
HSPCs in the CHT (Additional file 1: Figure S2A-D). Of 
note, a significant increase in the number of a-El glo- 
&m-expressing mature erythrocytes that were ectopically 
dispersed in the head and yolk sac of the pten- 1- em- 
bryos was observed, although only subtle expansion was 
noted in the CHT (Additional file 1: Figure S2E-F), the 
major region colonized by mature erythrocytes in con- 
trol embryos. 

We observed that definitive myelopoiesis in the pten-l- 
embryos was significantly increased at 90 hpf, as indicated 
by the enhanced expression of lyz (a myeloid marker) in 
both the CHT and kidney region (Figure 1A-B and E), and 
we also confirmed expansive myelopoiesis in the pten-/-; 
lyz:EGFP embryos [31] (Figure 1C-D and F). Furthermore, 
we examined other markers of myeloid cells {l-plastin, 
mpo, and nephrosin) in addition to lyz and found that their 
expression levels were also increased in the CHT at 90 hpf 
(Figure 1G-M), indicating that pten signaling is essential for 
normal definitive myelopoiesis. To further characterize 
the developmental process of abnormal myelopoiesis 
in pten- 1- fish, we performed whole-mount in situ 
hybridization for lyz every 6 hours, from 72 to 108 hpf 
(Additional file 1: Figure S3A-N and Q). The whole-mount 
in situ hybridization results showed that abnormal myelo- 
poiesis appeared as early as 78 hpf (Additional file 1: Figure 
S3A-D) and lasted for approximately 15 hours until the 
myeloid cells became scattered along the upper edge of the 
yolk sac at approximately 96 hpf (Additional file 1: Figure 
S3C-J). Lastly, the myeloid cells of the pten-/- embryos be- 
came much more dispersed, and their number decreased to 
a level comparable to that of the controls (Additional file 1: 
Figure S3K-N), which is likely due to enhanced apoptosis 
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Figure 1 Definitive myelopoiesis is strongly expansive in pfen-deficient embryos. (A-B) Whole-mount in situ hybridization analyses of definitive 
myelopoiesis with riboprobes for lyz in the indicated embryos at 90 hpf. The lower panels are high-magnification views of the indicated region in the 
upper panel. The red arrowheads indicate myeloid cells in the CHT and kidney/thymus region. (C-D) The pten-/-;lyz:EGFP embryos show increased 
EGFP-positive myeloid cells. The red arrowheads indicate EGFP-positive cells in the CHT and kidney region. The embryos are shown in lateral views 
with the anterior to the left, e: eye. (E-F) Statistical result for a, b and c, d respectively. (G-M) Whole-mount in situ hybridization analyses for other 
myeloid markers {l-plastin, mpo, nephrosin) in the CHT. The red arrowheads indicate the myeloid cells marked by each probe. The data shown in (E-F) 
and (M) are the means ± SEM of at least 30 embryos; ***p < 0.001 versus the control. Scale bar: 1 00 urn. 
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(Additional file 1: Figure S30-P and R). However, it should 
be noticed that apoptosis is not limited to /yz-positive cells 
(Additional file 1: Figure S3P). This may be due to the rap- 
idly deteriorated health of pten-/- fish with faint heart 
beating, smaller eyes and enlarged head from 4 to 5 dpf. In 
fact, pten-/- embryos only had slightly visible abnormality 
(subtle heart edema) at 90 hpf when most of our assays 
were performed. Thus, the marked changes at late stage 
hardly impacted on our observation in myelopoiesis. 

Taken together, these results demonstrate that a defi- 
ciency in pten signaling induces abnormal hematopoiesis, 
particularly the abnormal expansion of definitive myeloid 
cells, in zebrafish. 

Expansive myelopoiesis in pten-/- embryos is due to 
reduced apoptosis and block in myeloid cell maturation 

To determine whether the relatively expansive myelopoi- 
esis in pten- 1- embryos can be attributed to the en- 
hanced myeloid cell proliferation, we performed double 
staining in pten-/-;lyz:EGFP embryos using antibodies 
against phospho-histone 3 (PH3) and EGFP. There was no 
significant difference in the proliferation of /yz-positive 
myeloid cells between the pten-l- and control embryos 
(Additional file 1: Figure S4A-F and M). In addition, no ob- 
vious changes in the proliferation of HSPCs was observed 
in the pten-/- embryos, as evidenced by the co-staining of 
PH3 and EGFP in pten-/-;cmyb:EGFP larvae (Additional 
file 1: Figure S4G-L and N). 

Notably, the number of myeloid cells in the control 
embryos at 90 hpf was significantly lower than that at 80 
hpf; however, the myeloid cell number in the pten-l - 
embryos at 90 hpf was almost the same with that at 80 
hpf (Additional file 1: Figure S3, the second and the 
forth value on the dashed line, both of which is about 
170). We hypothesized that the expansion of myeloid 
cells was due to the relative reduction in apoptosis in the 
pten-l- embryos. To test this possibility, a terminal trans- 
ferase UTP nick end-labeling (TUNEL) assay was per- 
formed at 80 hpf when the /yz-positive cells in pten-/- 
zebrafish just started to increase. Indeed, fewer apoptotic 
myeloid cells were observed in the pten-l- embryos com- 
pared to the control embryos, suggesting that reduced 
apoptosis in the pten-l- embryos may partially contribute 
to the observed expansive myelopoiesis. 

Considering that the block in maturation could also 
contribute to an increased number of myeloid cells, we 
next examined the morphology of the myeloid cells by 
performing Wright-Giemsa staining of FACS -purified 
EGFP-positive cells from pten-/-;lyz:EGFP and control 
embryos at 90 hpf. The nuclei of the control myeloid 
cells exhibited a typical kidney shape, which is indica- 
tive of mature neutrophils (Figure 2H). However, the 
nuclei of the pten-/- myeloid cells exhibited a high 
nucleus-to-cytoplasm ratio and loose chromatin, which 



are features of metamyelocytes and promonocytes 
(Figure 21). These data suggest that neutrophil matur- 
ation is blocked at the metamyleocytic stage in the 
pten-l- embryos. 

To further confirm the reduction in mature neutro- 
phils, we performed whole-mount in situ staining utiliz- 
ing Sudan Black B, which specifically stains the granules 
of granulocytes [32,33]. The control embryos typically 
showed heavily stained neutrophils in the CHT, whereas 
only lightly stained cells were detected in the pten-l - 
embryos (Figure 2J-L). This result indicated that the 
maturation of neutrophils was severely blocked upon 
pten loss during definitive myelopoiesis. 

Collectively, our results suggest that the observed ex- 
pansive myelopoiesis in pten-l- embryos is due to the 
inhibition of myeloid maturation and a modest blockage 
of apoptosis. 

Loss of pten impairs the immune response of myeloid cells 

Because the immune response of myeloid cells is import- 
ant in the early development of zebrafish [31,34-37], we 
evaluated the ability of these cells to respond to inflam- 
mation in pten-l- embryos. Tail transections near the 
caudal circulatory system of pten-/-;lyz:EGFP and con- 
trol embryos at 84 hpf were performed as previously de- 
scribed [31,37]. Six hours later, the directional migration 
of EGFP-positive cells toward the acute injury induced 
by the tail transections was observed by fluorescence 
microscopy. Compared to the control embryos, the 
number of EGFP-positive cells in the pten-l- embryos 
that migrated to the injury site was remarkably reduced 
(Figure 3A-C), particularly in the region close to the wound 
(Figure 3A-B, rightmost areas of the lower panels). 
Additionally, more EGFP-positive cells in the region far 
from the wound were unable to migrate to the injury 
site (Figure 3B, leftmost areas of the lower panels, 
Additional file 2: Movie SI and Additional file 3: Movie 
S2). Furthermore, the increased total number of EGFP- 
positive myeloid cells in pten-l- embryos (Figure 3D) 
enhanced the immune-deficiency of the myeloid cells in 
pten-l- embryos, with a lower percentage of migration 
neutrophils (Figure 3E). 

To specifically assess the immune response of macro- 
phages in the pten-l- embryos, we performed Neutral 
Red staining by incubating zebrafish larvae in staining 
buffer from 80 to 90 hpf. Intriguingly, more heavily stained 
macrophages were observed in the CHT of pten-l- em- 
bryos compared to the control embryos, suggesting that the 
pten-deficient macrophages take up relatively more Neutral 
Red (Figure 3F-G and J). We also performed whole-mount 
in situ hybridization with c-fms, a specific marker for 
macrophages. Our result indicated that the number of mac- 
rophages was greatly increased in pten-l- embryos com- 
pared to controls (Figure 3H-I and K), which is consistent 
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Figure 2 Reduced apoptosis and block in myeloid cell maturation underlie pten deficiency-induced expansive myelopoiesis. (A-G) 

Double staining of /yz-driven EGFP protein and TUNEL assay in the CHT of control and pten-/- embryos at 80 hpf. Although relative more EGFP-positive 
myeloid cells were observed in the pten-/- embryos (A and B, all green cells were manually counted as positive), few cells were simultaneously apoptotic, 
as indicated by merging with TUNEL staining (E and F, white arrowheads). (H and I) Wright-Giemsa staining and morphological characterization of FACS- 
purified EGFP-positive cells from 90 hpf pten-/-;lyz:EGFP and control embryos. The black arrowheads indicate the nuclear shape, which was typically 
kidney-like and condensed in control embryos (H) but remained in a loose state in the pten-I- embryos (I). (J-L) Sudan Black staining of neutrophils at 90 
hpf. The red arrowheads indicate neutrophils in the CHT. The data shown in (G) and (L) are the means ± SEM of at least 15 and 30 embryos; ***p < 0.001 
versus the control. Scale bar: h and i, 5 urn; others, 100 urn. 



with our Neutral Red result. These data suggested that rela- 
tively more macrophages were produced upon pten loss. 

Collectively, these results demonstrate that the normal 
immune response of myeloid cells is severely impaired dur- 
ing definitive myelopoiesis in pten- 1- zebrafish embryos. 

The PI3K/mTOR pathway contributes to pten deficiency- 
induced dysmyelopoiesis 

It is well known that PTEN plays a major role in the 
regulation of cell survival, metabolism, and migration by 
negatively regulating PI3K signaling [4]. We therefore 
hypothesized that the expansive myelopoiesis in pten-I - 
fish may be rescued by treatment with specific inhibitors 
of PI3K signaling, such as LY294002. To test this hy- 
pothesis, pten-I- embryos were treated with LY294002 
from 78 hpf to 90 hpf at concentrations of 5, 15, and 
30 |iM. Whole-mount in situ hybridization analyses 



showed that LY294002 rescued expansive myelopoiesis 
in both the CHT and kidney region in a dose- 
dependent manner (Figure 4A-F and M). Moreover, 
the pten-I- embryos treated with 30 uM LY294002 
displayed fewer myeloid cells than the controls (Figure 
4A and F). 

Because mTOR signaling could be activated by the ac- 
tivation of the PI3K pathway [23,38,39], we also treated 
pten-I- fish with rapamycin, a specific inhibitor of mTOR. 
A similar dose-dependent rescue of expansive myelopoiesis 
was also observed (Figure 4G-L and N). 

To further explore whether the suppression of PI3K/ 
mTOR pathway could also abolish the block of neutro- 
phil maturation upon pten loss, we performed Sudan 
black assay on LY294002- and rapamycin-treated pten-l- 
embryos (Figure 5A-F). As we speculated, the maturation 
of neutrophils was largely recovered in LY294002- and 
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Figure 3 The immune response of expansive myeloid cells is impaired in pten-/- embryos. (A and B) Tail transection analyses of myeloid 
cell movement in response to inflammation. The myeloid cells of the control and pten-/- embryos moved to the wound site at 6 hours 
post-transection (hpt) (90 hpf) (A and B, white boxes). The red arrowheads indicate the myeloid cells away from the wound (A and B, left region of the 
lower panels) and the myeloid cells that arrived at the wound (A and B, right region of the lower panels). A white asterisk indicates the heart edema of 
pten-/- embryos. (C-E) Quantification of myeloid cells in the region to the right of the white dashed line (A and B, lower panel) (C) and the total number 
of myeloid cells (D) in each embryo. (E) The percentage of myeloid cells that migrated to the wound. (F and G) Neutral Red staining of macrophages at 
90 hpf. The black arrowheads indicate macrophages in the CUT. (H and I) Whole-mount in situ hybridization analyses of macrophages with riboprobe for 
c-fms. The black arrowheads indicate macrophages in the CUT. (J and K) Statistical results of F, G and H, I respectively. The data shown are the means ± 
SEM of at least 30 embryos; ***p < 0.001 versus the control. Scale bar: 100 urn. 



rapamycin-treated pten-/- embryos (Figure 5D and F) 
compared to mock-treated ones (Figure 5 A and G). 

We have shown that the maturation of neutrophils 
was blocked upon pten loss, which may imply that the 
rescue effects of LY294002 and rapamycin occurred in 
a cell-autonomous manner, a question need to be fur- 
ther addressed. To selectively antagonize PI3K/mTOR 
signaling in the myeloid cells of pten-l- embryos, we 
transiently expressed zebrafish pten (ptena and ptenb) by 



Tol2-mediated gene transfer using lyz promoter (Additional 
file 1: Figure S5). As predicted, pten-l- embryos with tran- 
siently expressed myeloid pten show less /yz-positive mye- 
loid cells (Additional file 1: Figure S5D) compared to 
control embryos (Additional file 1: Figure S5C and E). 

Taken together, our data indicate that the abnormal 
activation of the PI3K/mTOR pathway resulting from 
the deficiency of pten contributes to the expansive dys- 
myelopoiesis observed in pten-l- zebrafish embryos. 
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Figure 4 The PI3K/mT0R pathway contributes to the expansion of definitive myelopoiesis in pten-l- embryos. (A-L) Whole-mount in 
situ hybridization analyses of /yz-positive myeloid cells in embryos treated with increasing doses of LY294002 (LY) or rapamycin (Ra) at 90 hpf. 
Untreated and mock-treated pten-/- embryos (B, C and H, I) showing expansive myelopoiesis compared to the controls (A and G), as mentioned 
above. The pten-/- embryos treated with stepwise increases in LY294002 or rapamycin showed an obvious rescue effect, as indicated by the decrease in 
myeloid cells (D-F and l-L). The red arrowheads indicate the main positions of the myeloid cells. (M and N) Quantification of myeloid 
cells in each embryo (a-l). The data shown are the means ± SEM of at least 30 embryos, *p < 0.05, **p < 0.01, ***p < 0.001 versus the corresponding 
controls. Scale bar: 100 urn. 



C/ebpa plays a vital role in myelopoiesis downstream 
of pten 

Our previous study indicated that C/EBPa could regu- 
late myeloid development downstream of PTEN. Ele- 
vated expression of PTEN could promote the expression 
of CEBPA in HL-60 cell line [23]. Moreover, C/EBPa is 
a well-known master regulator of myelopoiesis [40]. To 
further elucidate the role of C/ebpa in pten deficiency- 



induced expansive myelopoiesis, we performed real-time 
quantitative PCR to evaluate the expression level of 
cebpa in EGFP-positive myeloid cells isolated from 
pten-/-;lyz:EGFP embryos at every 6 hours between 72 
and 102 hpf. In contrast to the gradually increasing 
number of /yz-positive myeloid cells in the pten-l- em- 
bryos (Additional file 1: Figure S3A-L) from 72 to 102 
hpf (Figure 6A, dashed line and the right Y axes), the 
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Figure 5 The PI3K/mT0R pathway contributes to the blockage of myeloid cell maturation in pten-l- embryos. (A-F) Sudan Black 
staining of neutrophils at 90 hpf. Control and pten-l- embryos were treated with DMSO (A-B) or LY294002/Rapamycin (C-D and E-F) at 
indicated concentration. The red arrowheads indicate neutrophils in the CHT. (G) statistical results of A-F. The data shown in (G) are the 
means ± SEM of at least 30 embryos; ***p < 0.001 versus the control. Scale bar: 1 00 urn. 



expression level of cebpa in the EGFP-positive myeloid 
cells gradually decreased (Figure 6A, solid line and the 
left Y axes). 

The downregulation of cebpa may contribute to expan- 
sive myelopoiesis in the pten-l- embryos. We therefore 
microinjected cebpa mRNA into one-cell-stage pten-/- 
embryos and then performed whole-mount in situ 
hybridization analyses on the injected embryos using a 
probe for lyz at 90 hpf. Compared to the mock-injected 
pten-l- embryos (Figure 6D), the number of /^-posi- 
tive myeloid cells significantly decreased in the pten-l - 
embryos injected with cebpa mRNA (Figure 6E and J), 
suggesting that C/ebpa functions downstream of pten to 
regulate the homeostasis of definitive myelopoiesis. 

To further determine the functional consequences of 
cebpa overexpression, we performed Sudan black staining 
on cebpa mRNA-injected pten-l- embryos (Figure 
6F-I). Our result showed that the number of mature 
neutrophils was obviously rescued in pten-l- embryos 
injected with cebpa mRNA (Figure 61), in contrast to 
the mock-injected ones (Figure 6H and K). These data 
suggested that overexpression of cebpa mRNA could 



abolish the block in neutrophil maturation induced by 
p ten- dificiency. 

We next examined whether the PI3K/mTOR pathway 
was involved in the contribution of C/ebpa to expansive 
myelopoiesis. To test this possibility, real-time quanti- 
tative PCR was performed to detect the expression level 
of cebpa in /yz-positive myeloid cells treated with LY294002 
or rapamycin. Surprisingly, the elevated expression of cebpa 
was observed only in the LY294002-treated embryos 
(Additional file 1: Figure S6), suggesting that C/ebpa 
functions downstream of pten in a PI3K-dependent, 
mTOR-independent manner. 

Collectively, our results demonstrate that the down- 
regulation of cebpa by the PI3K pathway contributes to 
pten deficiency-induced expansive myelopoiesis. 

Discussion 

More than a decade of work has been performed to exam- 
ine the role of PTEN, which is a frequently mutated tumor 
suppressor gene [41]. In this study, we investigated the role 
of pten in the developmental process of hematopoietic line- 
ages, which has not been fully characterized. Our data 
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4 EGFP mRNA +cebpA rtlRNA ■ EGFP mRNA + cebpa mRNA 

Figure 6 The overexpression of C/ebpa ameliorates expansive myelopoiesis in pfen-deficient embryos. (A) The expression level of cebpo 
was negatively related to the number of myeloid cells. Real-time quantitative PCR of cebpo in EGFP-positive myeloid cells from pten-/-;lyz:EGFP 
and control embryos was performed every 6 hours from 72 to 102 hpf (solid line and left Y-axis). The /yz-positive myeloid cells in each embryo 
were counted via the whole-mount in situ hybridization analyses of embryos at 72 to 102 hpf (dashed line and right Y-axis). The indicated value 
is the ratio of pten-/- to control myeloid cells. (B-E) Whole-mount in situ hybridization analyses for lyz in embryos injected with in w'fro-synthesized 
control (B and C) or cebpo (D and E) mRNA at the one-cell stage. The overexpression of cebpo mRNA largely rescues expansive myelopoiesis in pten-/- 
embryos. The red arrowheads indicate expansive myelopoiesis in the mock-injected pten-/- embryos and the decrease in myeloid cells in the cebpo- 
injected pten-/- embryos. (F-l) Sudan Black staining of neutrophils in embryos injected with control (F and H) or cebpo (G and I) mRNA. The red 
arrowheads indicate neutrophils in the CHT (J and K) Quantification of myeloid cells in each embryo (B-E and F-l). The data shown are the means ± 
SEM of at least 30 embryos; *p < 0.05, **p < 0.01, ***p < 0.001 versus the corresponding controls. Scale bar: 100 urn. 



revealed an essential role for pten in definitive 
hematopoiesis, particularly myelopoiesis. Importantly, we 
determined that immune-deficient cells are produced dur- 
ing the expansive myelopoiesis caused by the loss of pten. 
Moreover, this expansive myelopoiesis could be completely 
rescued by treatment with inhibitors of the PI3K/mTOR 



pathway. Additionally, we found that the expression of 
cebpa is regulated by PTEN/PI3K signaling and that cebpa 
downregulation contributes to the expansive myelopoiesis 
induced by pten deficiency. Collectively, our results help to 
elucidate the previously obscure role of pten in zebrafish 
myelopoiesis and the innate immune response in addition 



Dong et al. Journal of Hematology & Oncology 2014, 7:1 7 
http://www.jhoonline.Org/content/7/1/17 



Page 10 of 13 



to the critical role of C/ebpa, which functions downstream 
of pten in the regulation of myelopoiesis. 

Our previous report indicated that ptenb morphants 
develop myelodysplasia during primitive hematopoiesis 
[23]; however, this was not observed in our ptenb and 
pten- 1- mutants (data not shown and Additional file 1: 
Figure SI). This discrepancy may be due to the toxicity 
of the morpholino and/or cross-reactions of the ptenb 
morpholino with other unknown transcripts. Nonethe- 
less, we did observe abnormal hematopoiesis at a later 
stage (90 hpf) in the pten- 1- embryos, which further con- 
firmed the indispensability of pten in hematopoiesis. The 
most striking phenotype that we observed in the pten-l - 
embryos was expansive myelopoiesis (Figure 1A-B and E), 
which was specific to the developmental stage and could 
not be detected at 72 hpf (Additional file 1: Figure S3A-B), 
as indicated by the whole-mount in situ hybridization stain- 
ing of lyz. Considering that our pten-l- embryos were ob- 
tained by incrossing ptena+ 1 -ptenb- 1 - fish, the maternal 
contribution of ptena [42] might have contributed to the 
developmental stage-specific occurrence of expansive mye- 
lopoiesis, which might no longer be observable, when the 
maternal influence of ptena eventually dissipates. 

Despite the relative increased staining of HSPCs 
(Additional file 1: Figure S2A-D), we observed dis- 
persed erythrocytes in the head region (Additional file 
1: Figure S2E-F), which might have been caused by vas- 
cular and/or circulation defects [43]. 

Similar to mammals, zebrafish myeloid cells (mainly 
neutrophils and macrophages) are important partners 
of the innate immune system [33,36,44]. However, the 
exact function of pten in myeloid cells has remained un- 
clear. In mice, Pten was first highlighted as a suppressor 
of myeloid cell migration [45]. Conversely, another study 
indicated that Pten functioned to promote neutrophil in- 
flux during inflammation [46]. Our results clearly show that 
pten is indispensable for the maturation of neutrophils, en- 
suring normal migration during the inflammation induced 
by acute injury (Figure 2J-L and Figure 3A-C). Interestingly, 
a recent study indicated that Pten loss could arrest differen- 
tiation, which may help to explain impaired immune func- 
tion of myelocytes [47]. Moreover, our data also suggest 
that the means by which pten regulates macrophage func- 
tion are largely different from the means by which it regu- 
lates neutrophils, as more Neutral Red absorption was 
observed in the relatively more macrophages of the pten 
deficient embryos but almost no mature neutrophils was 
observed in these embryos (Figure 3F-G and Figure 2J-L). 
Although the phagocytosis ability of pten-l- macrophages 
might be greatly elevated, which was previously indicated 
in ex vivo murine peritoneal and alveolar macrophages 
[48-50], other possibilities should not be excluded. For ex- 
ample, pten-l- macrophages might be less intact and in 
turn could easily be saturated by Neutral Red. A more 



critical functional assay of pten-l- macrophages may help 
to clarify this issue. 

In addition to the characterization of expansive myelo- 
poiesis and the impaired immune response of myeloid 
cells induced by pten deficiency, this study also indicated 
the contribution of C/ebpa and PI3K/mTOR signaling 
in pten-regulated myelopoiesis (Figures 4, 5 and 6). In- 
deed, the contribution of PI3K/mTOR signaling was 
further clarified in our pten-deficient zebrafish model show- 
ing expansive myelopoiesis (Figures 4 and 5), though the 
possibility a PI3K-independent function of pten was respon- 
sible for this phenotype could not be completely excluded. 
Although non-specificity of LY294002 at high doses was re- 
ported before [51] and this non-specificity was not easy to 
assess, the increasing rescue effect of dysmyelopoiesis with 
increasing dose of LY294002 could still support our conclu- 
sion. In fact, no additional obvious abnormality was ob- 
served in pten-/- fish treated with 30 uM LY294002 
compared to mock treated ones. Our previous study indi- 
cated that C/EBPa may act as a downstream effector of 
PTEN in hematopoiesis [23]. Moreover, other study shown 
that PTEN/PI3K signaling (through regulating eIF4E and 
eIF2) could influence the expression of CEBPA [52]. 
Interestingly, our data strongly suggest that the elevated ex- 
pression of cebpa could significantly ameliorate pten 
deficiency-induced expansive myelopoiesis (Figure 6); how- 
ever, more research is still needed to determine the detailed 
mechanism of C/ebpa regulation via the pten pathway. 

Our results also indicated that the regulation of CI 
ebpa by pten is PI3K dependent and mTOR independent 
though inhibition of the mTOR pathway could rescue 
the expansive myelopoiesis induced by the loss of pten 
(Additional file 1: Figure S6 and Figure 4G-L). This re- 
sult is conceivable considering that the phosphorylation 
of Akt at Ser 473 is also regulated in a PI3K-dependent, 
mTOR-independent manner [53]. We propose that some 
unknown factors that underlie pten deficiency-induced 
expansive myelopoiesis might exist downstream of 
mTOR. Nevertheless, our results suggest that both 
mTOR-dependent and -independent mechanisms may 
underlie pten-regul&ted myelopoiesis; clearly, these 
mechanisms warrant further investigation. 

Conclusions 

Our study reveals the developmental function of pten in 
myelopoiesis and further dissects its role in the immune 
response of myeloid cells. Our finding that C/ebpa acts 
as a downstream effector of pten provides more inform- 
ative clues regarding the intrinsic nature of pten-regu- 
lated hematopoiesis. In addition, pten-/-;lyz:EGFP fish 
are an ideal model for performing large-scale whole- 
animal small molecule screening to identify drug candi- 
dates that can ameliorate defects in myelopoiesis. 
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Methods 

Zebrafish maintenance and embryo production 

Zebrafish maintenance, breeding, and staging were per- 
formed as described previously [54]. The zebrafish facility 
and zebrafish study were approved by the Institutional 
Review Board of the Institute of Health Sciences. 

Genomic DNA isolation and genotyping 

Embryos or tail fins were incubated in lysis buffer (1 M 
Tris-HCl [pH 8.3], 1 M KC1, 10% Tween 20, and 10% 
NP40) and subsequently treated with proteinase K (10 mg/ 
ml) at 55°C overnight. After centrifuging at 12, 000 x g for 
10 minutes at 4°C, the supernatant was subjected to gen- 
omic PCR using primers specific for the indicated genes. 

Riboprobe synthesis and whole-mount mRNA in situ 
hybridization 

Digoxigenin-labeled antisense RNA probes were tran- 
scribed from linearized constructs using T3, T7, or SP6 
polymerase (Roche Applied Science, Indianapolis, IN, 
USA). Whole-mount mRNA in situ hybridization was 
performed as described previously [55]. The probes were 
detected using an alkaline phosphatase-coupled anti- 
digoxigenin Fab fragment antibody (Roche Diagnostics, 
Indianapolis, IN, USA) with 5-bromo-4-chloro-3-indolyl 
phosphate/nitro blue tetrazolium (BCIP/NBT) staining 
(Vector Laboratories, Burlingame, CA). 

Phosphorylated histone H3 labeling and TUNEL assay 

TUNEL assays were performed using the In Situ Cell 
Death Detection Kit and TMR Red (Roche Diagnostics) 
according to the manufacturers recommendations. PH3 
labeling of fixed embryos was performed by overnight 
incubation with a rabbit anti-phosphohistone H3 anti- 
body (Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 
4°C, followed by incubation with an Alexa Fluor 488 don- 
key anti-rabbit secondary antibody (Invitrogen, Carlsbad, 
CA, USA). 

Flow cytometry analysis and cytology 

lyz:EGFP and cmyb:EGFP transgenic embryos were dis- 
sected and digested with 0.5% trypsin (GIBCO, Grand 
Island, NY, USA) for 30 minutes at 37°C. A single-cell 
suspension was obtained by centrifugation at 400 x g for 
5 minutes, washing twice with PBS, and passing through a 
40-uM nylon mesh filter. Fluorescence-activated cell 
sorting (FACS) was performed using the MoFlo system 
(DakoCytomation, Carpinteria, CA, USA) to obtain 
homogenous EGFP + cells, which were subsequently 
subjected to cytospinning at 40 x g for 5 minutes, 
followed by Wright-Giemsa staining. The staining was 
performed according to the manufacturers instruc- 
tions (Sigma- Aldrich, UK). The micrographs were ob- 
tained using a microscope (Nikon ECLIPSE 80i) with a 



lOOx oil immersion objective and Nikon ACT-1 soft- 
ware (Nikon Corporation, JP). 

Neutral Red and Sudan Black staining 

For Neutral Red staining, embryos were collected and 
incubated in egg water with 2.5 ug/mL Neutral Red 
(Sigma- Aldrich) from 80 to 90 hpf [56]. For Sudan Black 
staining, fixed embryos were treated with a Sudan Black 
(Sigma- Aldrich) solution, as previously described [32]. 
Staining was then observed under a microscope. 

Treatment of embryos with small molecule inhibitors 

Small molecule inhibitors dissolved in dimethyl sulfoxide 
(DMSO) were added to egg water as previously described 
[29,57]. The concentrations of LY294002 and rapamycin 
were 5-30 uM and 1-20 uM, respectively. Both inhibitors 
were added at 78 hpf. 

mRNA synthesis and microinjection 

mRNA was synthesized using the mMessage mMachine 
kit (Ambion, Austin, TX, USA). For the microinjection 
experiment, a volume of 1 nL (30 ng/uL) was injected 
into embryos at the one-cell stage. 

Tol2-mediated gene transfer 

The zebrafish lyz promoter was cloned into the EGFP- 
2A-pDestTol2 plasmid at the Xhol and Clal sites to get 
the lyz-pDestTol2 construct. The zebrafish ptena and 
ptenb were obtained by PCR from the cDNA of wild- 
type embryos respectively, and then utilizing overlapping 
PCR to get EGFP-2A-ptena/ptenb fragments which were 
cloned into the lyz-pDestTol2 construct at the Clal and 
Sail sites to get the lyz-EGFP-2A-ptena/ptenb-pDestTol2 
constructs. Then the lyz-EGFP-2A-pDestTol2 and lyz- 
EGFP-2A-ptena/ptenb-pDestTol2 transgenic plasmids 
(25 ng/uL) were individually co-injected with Tol2 
transposase mRNA (25 ng/uL) as previously reported [58] 
into the pten-l- or control embryos at one cell stage. 

Real-time quantitative PCR 

Total RNA was extracted from at least 5,000 FACS -sorted 
cells using the Trizol reagent (Sigma- Aldrich). RNA was 
reverse-transcribed using oligo (dT) and Superscript™ III re- 
verse transcriptase (RT) (Invitrogen). The subsequent PCR 
assay was performed with the SYBR Premix ExTaq kit 
(Takara, JP) (sequence data are available upon request). The 
relative expression values were normalized to the in- 
ternal control (fi-actin). The cDNA amplification was 
performed using an ABI Prism 7900 HT cycler (Ap- 
plied Biosystems, Foster City, CA, USA). Primers for 
cebpa, 5 -CAAGCAAGAGAAGCTCAAAC, 5-ACCG 
TGGTGGTAGTCGTAG; for fi-actin, 5 -TGCTGTTT 
TCCCCTCCATTG, 5 -TTCTGTCCCATGCCAACCA. 
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Statistical analysis 

The quantitative data are expressed as the mean ± SEM. 
The statistical significance was determined by a two- 
tailed Students t-test (*p < 0.05, **p < 0.01, ***p < 0.001). 

Additional files 



Competing interests 

The authors declare that they have no competing financial interests. 
Authors' contributions 

ZD performed experiments and analyzed the data. CR, YX, DS, TD, HF, HY, 
LW, MD, WL, YJ, and YC assisted with the experiments. ZD, MD, TL, AG and 
YZ designed the research plan. ZD and YZ wrote the paper. All authors read 
and approved the final manuscript. 

Acknowledgments 

We thank Dr. J den Hertog from the Hubrecht Institute in The Netherlands 
for kindly providing ptena and ptenb mutant zebrafish. 

Funding 

This work was supported by the National Basic Research Program of China 
[2007CB947003], the Strategic Priority Research Program of the Chinese 
Academy of Science [XDA 01010109], and the National Natural Science 
Foundation of China [81 1 72694, 31 322038, 81 370232], the Research Project 
of Chinese Ministry of Education [21 301 5A], the Priority Academic Program 
Development of Jiangsu Higher Education Institutions (PAPD) and Qinglan 
project [JX2161015124], the Shanghai Pujiang project [12PJ1410200], 

Author details 

Vey Laboratory of Stem Cell Biology, State Key Laboratory for Medical 
Genomics and Laboratory of Development and Diseases, Institute of Health 
Sciences, Shanghai Institutes for Biological Sciences, Graduate School of the 
Chinese Academy of Sciences, Shanghai 200025, China. Shanghai Institute 
of Hematology, RuiJin Hospital, Shanghai Jiao Tong University School of 
Medicine, Shanghai 200025, China. 3 State Key Laboratory of Reproductive 
Medicine, Institute of Toxicology, School of Public Health, Nanjing Medical 
University, Nanjing 210029, China. 

Received: 2 February 2014 Accepted: 27 February 2014 
Published: 5 March 2014 

References 

1. Hollander MC, Blumenthal GM, Dennis PA: PTEN loss in the continuum of 
common cancers, rare syndromes and mouse models. Nat Rev Cancer 

2011, 11:289-301. 

2. Tohma Y, Gratas C, Biernat W, Peraud A, Fukuda M, Yonekawa Y, Kleihues P, 
Ohgaki H: PTEN (MMAC1 ) mutations are frequent in primary glioblastomas 
(de novo) but not in secondary glioblastomas. J Neuropathol Exp Neurol 1998, 
57:684-689. 

3. Gutierrez A, Sanda T, Grebliunaite R, Carracedo A, Salmena L, Ahn Y, 
Dahlberg S, Neuberg D, Moreau LA, Winter SS, Larson R, Zhang J, 



Protopopov A, Chin L, Pandolfi PP, Silverman LB, Hunger SP, Sallan SE, Look 
AT: High frequency of PTEN, PI3K, and AKT abnormalities in T-cell acute 
lymphoblastic leukemia. Blood 2009, 114:647-650. 

4. Mayo LD, Donner DB: The PTEN, Mdm2, p53 tumor suppressor- 
oncoprotein network. Trends Biochem Sci 2002, 27:462-467. 

5. Yamada KM, Araki M: Tumor suppressor PTEN: modulator of cell signaling, 
growth, migration and apoptosis. J Cell Sci 2001 , 1 1 4(Pt 1 3):2375-2382. 

6. Zhang J, Grindley JC, Yin T, Jayasinghe S, He XC, Ross JT, Haug JS, 
Rupp D, Porter-Westpfahl KS, Wiedemann LM, Wu H, Li L: PTEN 
maintains haematopoietic stem cells and acts in lineage choice 
and leukaemia prevention. Nature 2006, 441:518-522. 

7. Yilmaz OH, Valdez R, Theisen BK, Guo W, Ferguson DO, Wu H, Morrison SJ: 
Pten dependence distinguishes haematopoietic stem cells from 
leukaemia-initiating cells. Nature 2006, 441:475-482. 

8. Lee JY, Nakada D, Yilmaz OH, Tothova Z, Joseph NM, Lim MS, Gilliland DG, 
Morrison SJ: mTOR activation induces tumor suppressors that inhibit 
leukemogenesis and deplete hematopoietic stem cells after Pten 
deletion. Cell Stem Cell 2010, 7:593-605. 

9. Kentsis A, Look AT: Distinct and dynamic requirements for mTOR 
signaling in hematopoiesis and leukemogenesis. Cell Stem Cell 201 2, 
11:281-282. 

10. Kalaitzidis D, Sykes SM, Wang Z, Punt N, Tang Y, Ragu C, Sinha AU, Lane SW, 
Souza AL, Clish CB, Anastasiou D, Gilliland DG, Scadden DT, Guertin DA, 
Armstrong SA: mTOR complex 1 plays critical roles in hematopoiesis and 
Pten-loss-evoked leukemogenesis. Cell Stem Cell 2012, 1 1:429-439. 

1 1 . McKnight SL: McBindall-a better name for CCAAT/enhancer binding 
proteins? Ce//2001, 107:259-261. 

12. Zhou T, Wang L, Zhu K, Dong M, Xu P-F, Chen Y, Chen S-J, Chen Z, Deng 
M, Liu TX: Dominant-negative C/ebpa and polycomb group protein Bmi1 
extend short-lived hematopoietic stem/progenitor cell life span and 
induce lethal dyserythropoiesis. Blood 201 1, 118:3842-3852. 

13. Van Doom SBVW, Erpelinck C, Meijer J, van Oosterhoud S, Van Putten WL, 
Valk PJ, Berna BH, Tenen DG, Lowenberg B, Delwel R: Biallelic mutations in 
the CEBPA gene and low CEBPA expression levels as prognostic markers in 
intermediate-risk AML Hematol J Off J Eur Haematol Assoc 2003, 4:31-40. 

14. Pabst T, Mueller BU, Zhang P, Radomska HS, Narravula S, Schnittger S, Behre 
G, Hiddemann W, Tenen DG: Dominant-negative mutations of CEBPA, 
encoding CCAAT/enhancer binding protein-a (C/EBPa), in acute myeloid 
leukemia. Nat Genet 2001, 27:263-270. 

15. Gombart AF, Hofmann W-K, Kawano S, Takeuchi S, Krug U, Kwok SH, Larsen 
RJ, Asou H, Miller CW, Hoelzer D, Koeffler HP: Mutations in the gene en- 
coding the transcription factor CCAAT/enhancer binding protein a in 
myelodysplastic syndromes and acute myeloid leukemias. Blood 2002, 
99:1332-1340. 

16. Preudhomme C, Sagot C, Boissel N, Cayuela J-M, Tigaud I, de Botton S, 
Thomas X, Raffoux E, Lamandin C, Castaigne S, Fenaux P, Dombret H, ALFA 
Group: Favorable prognostic significance of CEBPA mutations in patients 
with de novo acute myeloid leukemia: a study from the Acute Leukemia 
French Association (ALFA). Blood 2002, 100:2717-2723. 

17. Zhang DE, Zhang P, Wang ND, Hetherington CJ, Darlington GJ, Tenen DG: 
Absence of granulocyte colony-stimulating factor signaling and neutrophil 
development in CCAAT enhancer binding protein alpha-deficient mice. 
Proc Natl Acad Sci USA] 997, 94:569-574. 

18. Zhang P, Iwasaki-Arai J, Iwasaki H, Fenyus ML, Dayaram T, Owens BM, 
Shigematsu H, Levantini E, Huettner CS, Lekstrom-Himes JA, Akashi K, 
Tenen DG: Enhancement of hematopoietic stem cell repopulating 
capacity and self-renewal in the absence of the transcription factor 
C/EBP alpha. Immunity 2004, 21:853-863. 

19. Tenen DG, Hromas R, Licht JD, Zhang D-E: Transcription factors, normal 
myeloid development, and leukemia. Blood 1997, 90:489-519. 

20. Iwama A, Zhang P, Darlington GJ, McKercher SR, Maki R, Tenen DG: Use of 
RDA analysis of knockout mice to identify myeloid genes regulated 

in vivo by PU. 1 and C/EBPa. Nucleic Acids Res 1998, 26:3034-3043. 

21. Radomska HSH, Huettner CSCCS, Zhang PU, Cheng TAO, Scadden DT, 
Tenen DG: CCAAT/enhancer binding protein a is a regulatory switch 
sufficient for induction of granulocytic development from bipotential 
myeloid progenitors. Mol Cell Biol 1998, 18:4301-4314. 

22. Wang X, Scott E, Sawyers CL, Friedman AD: C/EBPalpha bypasses 
granulocyte colony-stimulating factor signals to rapidly induce PU.1 
gene expression, stimulate granulocytic differentiation, and limit 
proliferation in 32D cl3 myeloblasts. Blood 1999, 94:560-571. 



Additional file 1: Figure SI. Primitive hematopoiesis and the early 
stage of definitive hematopoiesis are normal in pten-/- embryos. Figure 
S2. Definitive hematopoiesis is hampered in pten-/- embryos. Figure S3. 
WISH analyses of /yz-positive myeloid cells from 72 to 108 hpf. Figure S4. 
Dysmyelopoiesis induced by Pten loss is not due to the proliferation of 
hematopoietic cells. Figure S5. Transiently expressed Pten in myeloid 
cells ameliorates expansive myelopoiesis in pten-/- fish. Figure S6. The 
expression level of cebpa is regulated by PI3K rather than the mTOR pathway. 

Additional file 2: Movie SI. Movies were taken at about 88 hpf (4 hours 
after tail transection) and lasted for half an hour. Wound was at the right side 
of movies. Compared to control lyzEGFP embryos. 

Additional file 3: Movie S2. Movies were taken at about 88 hpf (4 
hours after tail transection) and lasted for half an hour. Wound was at the 
right side of movies. Most of the EGFP-positive myeloid cells in pten-l- 
embryos showed little migration to the wound. 



Dong et al. Journal of Hematology & Oncology 2014, 7:1 7 
http://www.jhoonline.Org/content/7/1/17 



Page 13 of 13 



23. Fu C-T, Zhu K-Y, Mi J-Q, Liu Y-F, Murray ST, Fu Y-F, Ren C-G, Dong Z-W, 
Liu Y-J, Dong M, Jin Y, Chen Y, Deng M, Zhang W, Chen B, Breslin P, 
Chen S-J, Chen Z, Becker MW, Zhu J, Zhang J-W, Liu TX: An evolutionary 
conserved PTEN-C/EBPalpha-CTNNA1 axis controls myeloid development 
and transformation. Blood 2010, 115:4715-4724. 

24. Davidson AJ, Zon LI: The "definitive" (and "primitive") guide to zebrafish 
hematopoiesis. Oncogene 2004, 23:7233-7246. 

25. De Jong JLO, Zon LI: Use of the zebrafish system to study primitive and 
definitive hematopoiesis. Annu Rev Genet 2005, 39:481-501. 

26. Chen AT, Zon LI: Zebrafish blood stem cells. J Cell Biochem 2009, 1 08:35-42. 

27. Sood R, Liu P: Novel insights into the genetic controls of primitive and 
definitive hematopoiesis from zebrafish models. Adv Hemotol 2012, 
2012:830703. 

28. Croushore JA, Blasiole B, Riddle RC, Thisse C, Thisse B, Canfield VA, 
Robertson GP, Cheng KC, Levenson R: Ptena and ptenb genes play 
distinct roles in zebrafish embryogenesis. Dev Dyn 2005, 234:91 1-921. 

29. Faucherre A, Taylor GS, Overvoorde J, Dixon JE, Den HJ: Zebrafish pten 
genes have overlapping and non-redundant functions in tumorigenesis 
and embryonic development. Oncogene 2008, 27:1079-1086. 

30. Di Cristofano A, Pesce B, Cordon-Cardo C, Pandolfi PP: Pten is essential for 
embryonic development and tumour suppression. Nat Genet 1998, 
19:348-355. 

31 . Zhang Y, Bai X-T, Zhu K-Y, Jin Y, Deng M, Le H-Y, Fu Y-F, Chen Y, Zhu J, 
Look AT, Kanki J, Chen Z, Chen S-J, Liu TX: In vivo interstitial migration of 
primitive macrophages mediated by JNK-matrix metalloproteinase 13 
signaling in response to acute injury. J Immunol 2008, 181:2155-2164. 

32. Le Guyader D, Redd MJ, Colucci-Guyon E, Murayama E, Kissa K, Briolat V, 
Mordelet E, Zapata A, Shinomiya H, Herbomel P: Origins and unconventional 
behavior of neutrophils in developing zebrafish. Blood 2008, 1 1 1:132-141. 

33. Li L, Jin H, Xu J, Shi Y, Wen Z: Irf8 regulates macrophage versus 
neutrophil fate during zebrafish primitive myelopoiesis. Blood 201 1, 
117:1359-1369. 

34. Mathias JR, Perrin BJ, Liu T, Kanki J, Look AT, Huttenlocher A: Resolution of 
inflammation by retrograde chemotaxis of neutrophils in transgenic 
zebrafish. J Leukoc Biol 2006, 80:1281-1288. 

35. Liongue C, Hall CJ, O'Connell BA, Crosier P, Ward AC: Zebrafish granulocyte 
colony-stimulating factor receptor signaling promotes myelopoiesis and 
myeloid cell migration. Blood 2009, 113:2535-2546. 

36. Gray C, Loynes CA, Whyte MKB, Crossman DC, Renshaw SA, Chico TJ A: 
Simultaneous intravital imaging of macrophage and neutrophil 
behaviour during inflammation using a novel transgenic zebrafish. 
Thromb Haemost 2011, 105:811-819. 

37. Liu Y-J, Fan H-B, Jin Y, Ren C-G, Jia X-E, Wang L, Chen Y, Dong M, Zhu K-Y, 
Dong Z-W, Ye B-X, Zhong Z, Deng M, Liu TX, Ren R: Cannabinoid receptor 
2 suppresses leukocyte inflammatory migration by modulating the JNK/ 
c-Jun/Alox5 pathway. J Biol Chem 2013, 288:13551-13562. 

38. McManus EJ, Alessi DR: TSC1-TSC2: a complex tale of PKB-mediated S6K 
regulation. Nat Cell Biol 2002, 4:E214-E216. 

39. Vadlakonda L, Dash A, Pasupuleti M, Anil Kumar K, Reddanna P: The 
paradox of Akt-mTOR interactions. Front Oncol 2013, 3:165. 

40. Friedman AD: C/EBPalpha induces PU.1 and interacts with AP-1 and 
NF-kappaB to regulate myeloid development. Blood Cells Mol Dis 2007, 
39:340-343. 

41. Salmena L, Carracedo A, Pandolfi PP: Tenets of PTEN tumor suppression. 
Ce//2008, 133:403-414. 

42. Yeh C-M, Liu Y-C, Chang C-J, Lai S-L, Hsiao C-D, Lee S-J: Ptenb mediates 
gastrulation cell movements via Cdc42/AKT1 in zebrafish. PLoS One 201 1, 
6:e 18702. 

43. Choorapoikayil S, Weijts B, Kers R, de Bruin A, den Hertog J: Loss of Pten 
promotes angiogenesis and enhanced vegfaa expression in zebrafish. 
Dis Model Mech 201 3, 6(5):1 159-11 66. 

44. Soehnlein O, Lindbom L: Phagocyte partnership during the onset and 
resolution of inflammation. Nat Rev Immunol 2010, 10:427-439. 

45. Subramanian KK, Jia Y, Zhu D, Simms BT, Jo H, Hattori H, You J, Mizgerd JP, 
Luo HR: Tumor suppressor PTEN is a physiologic suppressor of 
chemoattractant-mediated neutrophil functions. Blood 2007, 
109:4028-4037. 

46. Schabbauer G, Matt U, Gunzl P, Warszawska J, Furtner T, Hainzl E, Elbau I, 
Mesteri I, Doninger B, Binder BR, Knapp S: Myeloid PTEN promotes 
inflammation but impairs bactericidal activities during murine 
pneumococcal pneumonia. J Immunol 2010, 185:468-476. 



47. Choorapoikayil S, Kers R, Herbomel P, Kissa K, den Hertog J: Pivotal role of 
Pten in the balance between proliferation and differentiation of 
hematopoietic stem cells in zebrafish. Blood 2014, 123:184-190. 

48. Cao X, Wei G, Fang H, Guo J, Weinstein M, Marsh CB, Ostrowski MC, 
Tridandapani S: The inositol 3-phosphatase PTEN negatively regulates Fc 
gamma receptor signaling, but supports Toll-like receptor 4 signaling in 
murine peritoneal macrophages. J Immunol 2004, 172:4851-4857. 

49. Hubbard LLN, Wilke CA, White ES, Moore BB: PTEN limits alveolar 
macrophage function against Pseudomonas aeruginosa after bone 
marrow transplantation. Am J Respir Cell Mol Biol 201 1, 45:1050-1058. 

50. Serezani CH, Kane S, Medeiros Al, Cornett AM, Kim S-H, Marques MM, Lee S-P, 
Lewis C, Bourdonnay E, Ballinger MN, White ES, Peters-Golden M: PTEN directly 
activates the actin depolymerization factor cofilin-1 during PGE2-mediated 
inhibition of phagocytosis of fungi. Sci Signal 201 2, 5:ra1 2. 

51. Jabbour E, Ottmann OG, Deininger M, Hochhaus A: Targeting the 
phosphoinositide 3-kinase pathway in hematologic malignancies. 
Haematologica 2014, 99:7-18. 

52. Calkhoven CF, Muller C, Leutz A: Translational control of C/EBPalpha and 
C/EBPbeta isoform expression. Genes Dev 2000, 14:1920-1932. 

53. Arsham AM, Howell JJ, Simon MC: A novel hypoxia-inducible factor- 
independent hypoxic response regulating mammalian target of 
rapamycin and its targets. J Biol Chem 2003, 278:29655-29660. 

54. Kimmel CB, Ballard WW, Kimmel SR, Ullmann B, Schilling TF: Stages of 
embryonic development of the zebrafish. Dev Dyn 1995, 203:253-310. 

55. Thisse C, Thisse B: High-resolution in situ hybridization to whole-mount 
zebrafish embryos. Nat Protoc 2008, 3:59-69. 

56. Herbomel P, Thisse B, Thisse C: Zebrafish early macrophages colonize 
cephalic mesenchyme and developing brain, retina, and epidermis 
through a M-CSF receptor-dependent invasive process. Dev Biol 2001, 
238:274-288. 

57. Goldsmith Ml, lovine MK, O'Reilly-Pol T, Johnson SL: A developmental 
transition in growth control during zebrafish caudal fin development. 
Dev Biol 2006, 296:450-457. 

58. Kikuta H, Kawakami K: Transient and stable transgenesis using tol2 
transposon vectors. Methods Mol Biol 2009, 546:69-84. 



doi:1 0.1 1 86/1 756-8722-7-1 7 

Cite this article as: Dong et al.: Pten regulates homeostasis and 
inflammation-induced migration of myelocytes in zebrafish. Journal of 
Hematology & Oncology 2014 7:1 7. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www.biomedcentral.com/submit 



o 



BioMed Central 



